DBCSOoS  ®A0?2i75 


AFI'JL  -TR-79-402 1 


©IBB 


STRAIN  RATE  EFFECTS  ON  ULTIMATE  STRAIN  OF  COPPER 


D.  P.  Bauer 
S.  J.  Bless 

University  of  Dayton  Research  Institute 
300  College  Park  Avenue 
Dayton,  Ohio  45469 


May  1979 


D D C 

3EKIMG 

MJG  3 1979 


151515 


October  1976  - October  1977 


Approved  for  public  release;  distribution  unlimited, 


AIR  FORCE  MATERIALS  LABORATORY 

AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 

AIR  FORCE  SYSTEM^  COMMAND 

WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO  45433 


NOTICE 


When  Government  drawings,  specifications,  or  other  data 
are  used  for  any  purpose  other  than  in  connection  with  a 
definitely  related  Government  procurement  operation,  the  United 
States  Government  thereby  incurs  no  responsibility  nor  any 
obligation  whatsoever;  and  the  fact  that  the  government  may 
have  formulated,  furnished,  or  in  any  way  supplied  the  said 
drawings,  specifications,  or  other  data,  is  not  to  be  regarded  by 
implication  or  otherwise  as  in  any  manner  licensing  the  holder 
or  any  other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use,  or  sell  any  patented  invention 
that  may  in  any  way  be  related  thereto. 

This  report  has  been  reviewed  by  the  Information  Office 
(01)  and  is  releasable  to  the  National  Technical  Information 
Service  (NTIS) . At  NTIS,  it  will  be  available  to  the  general 
public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  is  approved 
for  publication. 


THEODORE  NICHOLAS,  AFML/LLN  NATHAN  G.  TUPPER,  Chief 

Project  Engineer  Metals  Behavior  Branch 

Metals  and  Ceramics  Division 


If  your  address  has  changed,  if  you  wish  to  be  removed  from 
our  mailing  list,  or  if  the  addressee  is  no  longer  employed  by 
your  organization,  please  notify  AFML/LLN,  W-PAFB,  OH  45433  to 
help  us  maintain  a current  mailing  list. 


m 


1 


-a 


41 


Copies  of  this  report  should  not  be  returned  unless  return  is  $ 
required  by  security  considerations,  contractual  obligations,  J 
or  notice  on  a specific  document.  -1 


AIR  FORCE/56 700/25  July  197J  - 270 


UNCLASSIFIED 

security  classification  this  pace  (»*«.  i>«m  Eni*r*<o 


f/^)REPORT  OOCUMENTATION  PAGE 

REPOR  NWiVll*  "j  !}  GOV' 

AFMlU4rjJ^_4/21  ( 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


J GOVT  ACCESSION  NO. [3  RECIPIENT'S  CATALOG  NUMaER 

fo)  


_-^s.  - — .—***4  i — i — m„,i  ^ci 

yy\  A...-.,-.  . — — ^5,  frvPl?  O^EPQRT  A Pp^OO  COVERED 

Q>  STRAIN  .RATE  EFFECTS  ON  ULTIMATE  STRAIN/  i Technical  Report* 

~Y  COPPER  a ^ * / i Oct.;  Kl 7 6—"  Oct.  / fcP77^ 

* ■ *—  ,A_*iyiefljiMiNajuaiLatiqRjr  numjm?r 

l Wj UDR.-.JR-..L8  -4  5j  

t AuThO*L a* 8.  CONTRACT  OR  GRANT  NUMBERfi) 


//..  F 3 3 6 1 5 - 76  - C - 5 T 2 4/  • 

— — j 


7...  AU-TAIOAF^ — — . 8.  CONTRACT  OR  GRANT  NUMBERfi) 

/,-/  «£K  P . /iauer  ; , 

•S.  J. /Bless  j '/£/  F33615-_76-C-512j/  • 

9 PERFORMING  ORGANIZATION  NAME  AND  ADOHESS  10.  PROGRaCi  ELEMENT,  p'rojECT.  TASK 

University  of  Dayton  Research  Institute  ^ UNIT  MUMOeRS 

300  College  Park  Avenue  ,/&,  2 307J-(Pl/-07 

Dayton,  OH  45469  1 

II.  CONTROLLING  OFFICE  NAME  ANO  AOORESS  Ur-mi^OKT.O  AT  K-  . “ ~ 

i'/J  May  *979/ 

Air  Force  Materials  Laboratory/LLN  viV* number  of  pages 

Wright-Patterson  Air  Force  Base,  OH  45433  77 

I A MON  iTORinG  AGENCY  NAME  A AOO.RTssoi  dl7(«rin7lfom  Canliolllna  Old  7f>  15  SECURITY  CLASS,  (ol  (hl»  r.porO 

Sj'y;  r}r  j UNCLASSIFIED 

( . ) <3  -J  ;; . I 

v-—  ■ 1 / I 15.  DECLASSIFICATION  DOWNGRADING 

J / / SCHEDULE 


1 O'  'VP'  I * i 

J j 


16.  DISTRIBUTION  STATEMENT  (ol  (hi*  Report) 


Approved  for  Public  Release?  distribution  unlimited. 

17  DISTRIBUTION  STATEMENT  (oMh#  entered  In  Dio ck  20,  It  dllterant  from  f?#por(J 


«•  Supplementary  notes 


D D C 


AUG  3 1919 


[IS.  KEY  WOROS  ^Condnuf  on  t*v*r*»  aid*  II  nec**»mry  end  Identity  by  block  number) 


Copper,  Strain  Rate,  Ultimate  Strain,  High  Rate 


20.  ABSTRACT  (Continue  on  rover**  aide  It  n*c***mry  end  ld*ntlly  by  block  number) 

The  strain-rate  effect  on  strain  to  failure  of  copper  was 
experimentally  investigated.  Both  Oxygen  Free  High  Conductivity 
(OFHC)  copper  and  Electrolytic  Tough  Pitch  (ETP)  copper  were 
studied.  Ultimate  strains  were  measured  for  a range  of  strain 
rates  from  0.0001  strain/second  to  over  10000.0  strain/second . 
Normal  quasi-static  tensile  machines  were  used  at  low  strain  rates, 
a split  Hopkinson  bar  apparatus  was  used  at  strain  rates  of 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 


1.1  INTRODUCTION 

In  recent  years  analysis  of  physical  events  involving 
large  deformation  and  flow  of  materials  has  become  feasible  with 
the  advent  of  sophisticated  computer  codes.  Many  of  the  large 
deformation  events  of  interest  occur  in  very  short  time  periods. 

The  lack  of  good  data  on  material  properties  at  high  strain 
rates  has  limited  the  accuracy  of  the  results  of  computer 
assisted  analyses.  Material  properties  measured  at  quasi-static 
strain  rates  often  change  when  high  strain  rates  are  applied. 

Work  is  now  underway  to  generate  this  required  high  strain 
rate  material  properties  data. 

The  subject  of  this  report  is  the  effect  of  strain  rate 
on  ultimate  failure  of  copper.  The  objective  of  this  study  was 
to  experimentally  determine  the  strain  to  failure  for  copper  at 
strain  rates  to  greater  than  1 x 10 ‘l  strain  per  second  (s-^)  . 

'lwo  types  of  copper.  Electrolytic  Tough  Pitch  (ETP)  and  Oxygen 
free  High  Conductivity  (OFhc)  were  studied. 

Three  separate  experimental  techniques  were  used  to 
obtain  strain  rates  in  the  range  from  i x 10  * to  4 x 104s  ^ . 

A closed- loop  control  hydraulic  test  machine  was  used  to  find 
ultimate  strain  at  strain  rates  of  vlO  ^ and  10u  s'.  A 
tensile  split  Hopkinson  bar  apparatus  was  used  to  obtain  ulti- 
mate strain  at  strain  rates  near  10^s  An  exploding  cylinder 
technique  was  developed  for  strain  rates  to  4 x 10^s 

Nearly  constant  average  ultimate  strains  of  approximately 
0.40  were  measured  for  strain  rates  from  10  s to  10Js-1'. 

Above  10  V1  the  average  ultimate  strain  increased  rapidly,  to 
approximately  1.10  at  a strain  rate  of  4 x 10^s  Ultimate 
strain  measurements  were  also  made  in  the  necked  region  of  all  [ 


specimens  tested.  In  general,  as  strain  rate  increased  the 
necked  region  became  Less  significant  and  straining  was  much  more 
evenly  distributed  throughout  the  bulk  of  the  material. 

] . 2 DAC KG ROUND 

Few  test  procedures  are  available  for  tensile  property 

determination  at  high  strain  rates.  Conventional  testing 

machines  operate  at  <10  g In  the  last  few  years,  several 

3 ~1 

techniques  have  been  developed  for  up  to  10  s . Shock  physics 
provides  methods  for  studying  the  range  of  10’’  to  10^s  . How- 

ever, until  now  there  has  been  no  satisfactory  means  to 
determine  tensile  properties  in  the  critical  neighborhood  of 

4 - 1 

v 10  s . A brief  review  of  high  strain  rate  testing  techniques 
is  presented  below. 

Manjoi.no1  conducted  tensile  tests  using  a hydraulic 
tension  testing  machine  to  determine  the  rate  sensitivity  of 
mild  steel.  The  highest  strain  rates  achieved  were  around 
10 "s  1 (typical  of  the  maximum  strain  rates  achievable  with 
this  method) . The  test  results  wore  seriously  affected  by 
wave  propagation  effects  related  to  the  dynamic  elastic  defor- 
mation of  the  machine  itself. 

The  split  Uopkinson  bar  tensile  test  was  used  by  Nicholas-' 
to  obtain  tensile  strain  rates  up  to  103s  1 on  Beryllium  and 
several  other  materials.  This  technique  provides  direct 
measurements  of  stress  and  strain  under  uniaxial  stress 
conditions.  The  technique  could  probably  be  extended  to  con- 
trolled tri axial  stress  states  by  employing  notched  tensile 
specimens  as  suggested  by  Hancock3.  Hancock  has  used  the 
notched  tensile  specimen  in  a hydraulic  tension  machine  at 
quasi -static  strain  rates  to  investigate  triaxial  stress  states 
in  mild  steel. 

To  obtain  strain  rates  up  to  .1.0 '^s  Bi  tans'*  and  Duffy b 
used  high  speed  torsional  testing  machines.  They  obtained 
nearly  constant  rates  of  strain  in  thin-walled  tubular  specimens 
of  copper,  aluminum,  and  lead.  Problems  were  encountered  with 
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this  technique,  due  t:o  change';!  in  the  specimen  ueomel  i*y  during 
the  teat  and  the  low  frequency  response  of  the  dynamometer 
s y s t e m cm p loved. 

Several  impact  techniques  have  been  used  to  produce 
higher  tensile  strain  rates.  Japanese  investigators  used 
explosively  launched  annular  flyer  plates  to  produce  uniaxial 
tensile  stress  in  austenitic  stainless  steel.0  This  technique 
is  limited  because  the  strain  rate  is  a strong  function  of 
strain.  Shultz7'0  lias  attained  strain  rates  between  10"  and 
10  Js  1 with  transverse  impacts  onto  thin  wires.  The  study  of 
plasticity  is  difficult  with  this  technique  because  the  ana- 
lysis is  based  on  propagating  elastic  waves.  The  strain  rate 
is  not  constant  during  the  test,  and  the  maximum  strain  rate 
achievable  is  limited  by  the  severing  velocity  of  the  wire. 

Expanding  ring  tests  have  been  done  at  strain  rates  up 
4-1 

to  0.0  x 10  s bv  Uoggatt  et.  al.  A 50 -nun- diameter  specimen 

ring  was  fitted  onto  a massive  steel  driving  cylinder  which 
contained  an  axial  explosive  filled  chamber.  Detonation  of  the 
explosive  produced  radial  shock  waves  in  the  cylinder,  which 
caused  the  ring  to  spall  off.  The  ring  expanded  due  to  the 
radial  momentum  and  tensile  hoop  stresses  were  generated  in  the 
ring.  The  other  two  principal  stresses  were  nominally  zero. 
These  investigators  observed  maximum  strains  of  only  .12  percent 
in  mild  steel,  aluminum,  and  titanium.  The  strain  rate  varied 
during  the  experiment  due  to  deceleration  of  the  ring.  The 
maximum  energy  transfer  to  the  ring  (radial  velocity)  was 
insufficient  to  induce  failure  in  ductile  specimens. 


SECTION  II 

EXPERIMENTAL  PROCEDURES 

This  section  describes  the  experimental  techniques  which 
were  employed  to  determine  the  ultimate  strain  of  copper  at 
strain  rates  from  10  ^ to  above  10^s~^. 

2.1  INTRODUCTION 

Three  techniques  were  used  to  determine  the  ultimate 

strain  of  ETP  copper  and  OFHC  copper  at  various  strain  rates. 

Each  testing  method  was  used  over  a specific  range  of  strain 

rates.  The  three  techniques  included  a conventional  hydraulic 

-4  -1 

materials  testing  machine  for  strain  rates  of  10  s and 

Is  , a split  Hopkinson  bar  apparatus  for  strain  rates  up  to 
3 -1 

10  s , and  an  explosively  expanded  cylinder  technique  for 

4 -1 

strain  rates  exceeding  10  s . These  techniques  were  selected 
to  produce  essentially  uniaxial  tensile  stress-strain  condi- 
tions in  the  respective  specimens. 

The  hydraulic  testing  machine  and  Hopkinson  bar  specimens 
were  the  usual  "dogbone"  shaped  tensile  specimen.  The 
exploding  cylinder  test  employed  a right  circular  tubular 
specimen  with  length  to  diameter  ratio  of  8:1. 

Two  types  of  copper  were  studied  in  these  experiments, 
Electrolytic  Tough  Pitch  (ETP  110,  ASTM  designation  B187)  and 
Oxygen  Free  High  Conductivity  (OFHC,  ASTM  designation  B75  (OF)). 
All  specimens  were  fully  annealed  prior  to  testing. 

2.2  QUASI-STATIC  TEST  SETUP 

-4  -1  -1 

At  the  lower  strain  rates  (10  s to  1 s ) a closed 
loop  electro-hydraulic  machine  was  used  to  load  the  specimens. 
Loads  were  measured  with  the  load  cell  in  the  machine,  and  a 
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differential  transformer  type  extensometer  was  attached  across 
the  specimen  to  monitor  strain.  Strain  was  also  measured  by 
manually  monitoring  the  diameter  of  the  specimen  during 
straining.  When  necking  occurred  the  diameter  measurements 
were  made  in  the  necked  region  of  the  specimen,  and  the  ulti- 
mate strain  determinations  were  based  on  these  measurements 
(as  will  be  discussed  later) . A uniform  nominal  strain  rate 
was  maintained  with  a strain  rate  pacer.  The  specimens  for 
this  test  were  machined  from  solid  drawn  round  stock  of  ETP 
copper.  The  usual  "dogbone"  shape  with  dimensions  as  shown  in 
Figure  1 was  employed.  The  machining  was  done  such  that  longi- 
tudinal axes  of  the  specimen  and  stock  coincided.  After 
machining,  the  specimens  were  annealed  at  538°C  for  one  hour 
in  a vacuum. 


Figure  1.  "Dogbone"  Specimen  Used  for  Quasi-Static  and 
Intermediate  Strain  Rate  Tests 
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2.3  SPLIT  HOPKINSON  BAR  TEST  SETUP 

The  tension  tests  at  the  intermediate  strain  rates 
3 -1 

(i.e.,  10  s ) were  performed  on  a split  Hopkinson  bar  appara- 
tus developed  at  the  Air  Force  Materials  Laboratory  and  described 
in  Reference  2.  The  device  is  shown  schematically  in  Figure  2. 
This  split  Hopkinson  bar  apparatus  is  capable  of  testing 

3 —1 

materials  in  tension  at  maximum  strain  rates  of  about  10  s . 

The  apparatus  consists  of  three  main  parts;  a striker  bar,  and 
two  Hopkinson  pressure  bars.  When  impacted  by  the  striker,  an 
elastic  compression  wave  travels  down  the  incident  bar  through 
the  shoulder  and  into  the  transmitter  bar  as  shown  in  Figure  2. 

The  compression  wave  is  reflected  at  the  far  end  of  the  trans- 
mitter bar  as  a tensile  wave.  When  this  tensile  wave  reaches  the 
test  specimen,  elongation  of  the  specimen  begins,  since  the 
shoulder  interface  annot  support  tensile  stresses.  The  "dogbone" 
specimen  illustrated  in  I ! gure  1 was  used.  Data  are  in  the  form 
of  load  versus  cross-head  displacement  and  are  obtained  from  the 
strain  gauges  attached  to  the  pressure  bars.  Strain  is  calculated 
from  an  empirical  formula  relating  h^ad  displacement  to  strain 
and  gauge  length,  obtained  using  an  gauges  on  dummy  cali- 
bration specimens.  The  calcula*  (train,  assumed  unifor-  along 
the  gauge  length,  does  not  tak'  o account  necking  if  i c occurs. 
Independent  measurements  tc  true  ultimate  strain  of  the 

failed  specimen  were  made,  ’ 1 aivation  of  the  equation  for 

true  strain  obtained  wit  ' !.  ■ isurement  may  be  found  later  in 
this  section.  The  straxn  x^x  xii  these  experiments  was  calculated 
as  the  time  derivative  of  the  strain  measured  during  the  experi- 
ment. This  strain  rate  is  negligibly  different  from  the  true 
strain  rate  as  described  later.  True  stress  was  calculated  from 
load  divided  by  actual  area  (original  area  corrected  due  to 
uniform  axial  strain,  assuming  incompressible  plastic  flow).  The 
specimens  for  this  test  were  machined  from  the  same  piece  of 
round  bar  stock  and  with  the  same  directionality  as  that  used 
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for  the  quasi-static  test  specimens.  The  specimens  were  annealed 
in  a vacuum  at  538°C  for  one  hour. 

2.4  EXPANDING  TUBES 

The  technique  developed  for  the  evaluation  of  ultimate 

4-1 

strain  at  strain  rates  above  10  s employed  explosively 
expanded  cylindrical  tubes.  When  detonated  the  explosive 
pressures  produced  radial  motion  of  the  material.  Tensile 
hoop  stresses  were  generated  in  the  tube  during  expansion  to 
failure. 

The  ETP  tubes  were  152  mm  long,  with  an  outside  diameter 
of  19  mm,  and  a wall  thickness  of  1.92  mm.  The  ETP  tubes  were 
manufactured  by  boring  and  honing  a hole  in  drawn  solid  round 
stock.  The  stock  material  was  part  of  the  same  bar  from  which 
the  "dogbone"  specimens  were  made.  This  procedure  produced  a 
good  surface  finish  with  circumferential  machining  artifacts 
on  the  tube. 

Due  to  material  availability  problems,  sizes  and  manu- 
facturing techniques  for  the  OFHC  tubes  were  net  constant. 

Some  were  specimens  made  by  sectioning  OFHC  drawn  tubing.  The 
other  fabricating  technique  was  similar  to  that  used  for  the 
ETP  specimens.  The  drawing  operation  left  small  longitudinal 
mars  on  the  tube.  These  imperfections  were  reduced  by  hand 
honing  the  tubes.  Once  these  manufacturing  operations  were 
completed,  the  tubes  were  annealed  at  538°C  for  one  hour  in  a 
vacuum,  then  furnace  cooled  to  room  temperature.  This  annealing 
process  resulted  in  a material  hardness  of  41  (Rockwell  "F" 
scale  uses  1/16"  diameter  indenter  with  a 60  KG  load) , This 
hardness  corresponds  to  a 0.050-mm  temper  as  specified  by  the 
American  Society  for  Metals.10 

Two  types  of  explosive  loadings  were  used  in  the  tube 
geometry,  as  shown  in  Figure  3a  and  3b.  Each  loading  provided 
a different  strain  rate  at  failure.  For  the  highest  strain 
rates,  pentaerythritoltetranitrate  (PETN)  filled  cylinders 
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Figure  3a. 
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were  used.  These  tubes  were  loaded  incrementally  with  HE  by 
pressing  2.02  gram  quantities  of  PETN  individually  into  the 
tube.  Each  of  12  pressings  needed  to  fill  the  tube  was  indi- 

3 

vidually  compressed,  to  obtain  an  average  density  of  0.88  g/cm  . 
This  method  resulted  in  a more  uniform  packing  d(  nsity  than 
could  otherwise  be  obtained  through  one  pressing  of  the  total 
volume  of  material. 

3 

At  0.88  g/cm  packing  density,  PETN  is  most  sensitive  to 
detonation  by  the  exploding  bridgewire  technique.11  The  wire 
used  in  these  experiments  was  0 . 127-mm-diameter  platinum.  By 
discharging  the  stored  energy  in  a low  inductance  capacitor 
bank  into  the  wire,  simultaneous  initiation  of  the  explosive 
was  expected  to  provide  uniform  expansion  of  the  tube.  Due 
to  local  end  effects  of  the  exploding  bridgewire,  however, 
initiation  of  the  explosive  occurred  somewhat  sooner  at  the 
tube  end  than  elsewhere. 

4 - 1 

For  the  lower  strain  rates  (1  x 10  s ) , a length  of 
Prima-Cord  was  coaxially  positioned  in  the  tube  with  the 
remaining  volume  being  filled  with  hydraulic-type  oil.  The 
Prima-Cord  had  a 2 . 5-mm-diameter  core  of  explosive,  and 
detonation  was  initiated  with  an  electric  blasting  cap 
attached  at  one  end. 

2.5  LAWRENCE  LIVERMORE  LABORATORY  ( LLL)  EXPERIMENTS 

Kury,  et  al , at  Lawrence  Livermore  Laboratories  have 
explosively  expanded  metallic  cylinders  for  many  years.  Their 
objective  in  the  experiments  was  to  investigate  the  relative 
metal-accelerating  ability  of  various  explosives.  They  did  not 
study  the  strain  rate  ultimate  strain  properties  of  the  metals 
used  in  those  studies. 

In  the  LL1,  experiments  OFHC  copper  tubes  of  various  sizes 
(30  mm  to  100  mm  ID)  were  expanded  explosively,  using  many  types 
of  explosives.  All  of  the  experiments  used  electric  blasting 
caps  attached  at  one  end  for  explosive  initiation.  This 
technique  caused  the  circular  cylindrical  tubes  to  expand  with 


a conical  shape.  Simultaneous  framing  camera  and  streak 
camera  records  were  obtained.  UDRI  and  I,LL  conducted  a tech- 
nical. interchange  in  which  their  data  were  examined.  Due  to 
the  experimental  technique  used  by  them,  only  a small  fraction 
of  their  data  were  useful  for  calculating  ultimate  strain. 


2.6  RANGE  DESCRIPTION  FOR  UDRI  EXPLODING  CYLINDER  TESTS 


A photograph  of  the  indoor  range  used  to  conduct  the 
expanding  tube  tests  at  UDRI  is  shown  in  Figure  4.  This  range 
is  physically  located  in  a separate  building,  originally 
designed  for  shock  tube  work,  on  the  University  campus.  The 
building  has  two  rooms,  one  of  which  contains  the  range 
(Figure  4)  and  the  other  contains  the  control  equipment  (not 
shown' . 


Figure  4. 
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The  blast  tank  used  to  contain  the  explosive  debris  in 
these  experiments  is  part  of  a multiuse  range.  This  steel 
tank  is  90  cm  inside  diameter  by  150  cm  long,  with  a wall 
thickness  of  3 cm.  The  tank  ends  are  elliptical  to  provide 
higher  pressure  capabilities  (^500  g of  HE).  The  tank  is 
equipped  with  a 46-cm  diameter  man  access  port,  two  23-cm 
diameter  ports  for  optical  access,  and  several  smaller  ports 
used  for  vacuum  system  connection  and  electrical  cable 
teed  through. 

All  tube  experiments  were  conducted  at  room  temperature 
(%20°C)  and  in  an  air  atmosphere  at  125  mm  of  mercury.  This 
partial  vacuum  reduced  degradation  of  the  photographic  records 
by  air  shocks. 

The  exploding  tubes  were  mounted  in  the  blast  tank  on 
a large  permanently  attached  I-beam.  This  mounting  base 
allowed  a rigid  attachment  of  the  tube  to  be  made  and  provided 
ease  of  locating  the  tube  in  the  optical  field  of  view.  A 
typical  mounting  is  shown  in  Figure  5.  In  the  design  of  this 
mount,  care  was  taken  to  prevent  external  clamping  on  the  ends 
of  the  tube  (see  Figure  3),  thus  reducing  end  effects  on  the 
deformation  of  the  tube  as  much  as  possible. 

The  exploding  bridgewire  circuit  was  designed  for  low 
inductance  operation  so  that  the  stored  energy  of  the  capaci- 
tor bank  could  be  transferred  to  the  bridgewire  more 
efficiently.  Three  capacitors  of  0.04  pH  inductance  each  were 
connected  in  parallel,  for  a total  capacitance  of  38.4  uF. 
These  capacitors  were  charged  to  19.5  KV  for  the  experiments. 
The  stored  energy  was  switched  to  the  bridgewire  using  a spark 
gap  switch.  A pair  of  parallel  low  inductance  coaxial  cables 
carried  the  energy  to  the  bridgewire.  This  cable  has  an 
inductance  of  33  nl!/ft.  The  total  inductance  of  the  exploding 
bridgewire  circuit  was  0.4  nil. 

A Deckman  and  Whitley  Model  300  rotating  mirror  contin- 
uous access  framing  camera  was  utilized  to  photograph  the  tube 
expansion.  This  camera  has  a 48  frame  format  with  framing 
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rates  up  to  4.5  x 10  6 f/s.  For  these  cylinder  tests  the 
camera  was  operated  at  v 1 x 10^ C/s  . Inter frame  corrections 
of  Preonas13  were  used  for  reducing  data  of  the  framing  camera 
records.  A schematic  of  the  optical  setup  for  the  tests  is 
shown  in  Figure  6.  As  may  be  seen,  the  tube  was  back-lit. 

The  illumination  was  provided  with  a spark-gap  light  source 
and  a twin-element  2 55-mm- diameter  condenser  lens.  The  gap 
was  energized  with  a 30  nF,  18  KV  capacitor  bank.  The  light 
source  provided  sufficient  light  for  recording,  with  a dura- 
tion of  v 55  us.  The  triggering  pulse  to  the  light  source  was 
delayed  10  |is  behind  the  triggering  pulse  to  the  exploding 
bridgewire  capacitor  bank.  This  provided  time  for  detonation 
to  begin,  so  that  failure  could  be  detected  on  the  framing 
camera  record. 


X 


SPARK  GAP 
LIGHT  SOURCE 


Figure  6.  Optical  Setup  for  Monitoring  Exploding  Tube  Event 
Inside  of  Blast  Tank 
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2.7 


THEORETICAL  DERIVATION  OF  STRAIN 


2.7.1  Strain  Measurement  in  Tensile  specimens 

For  the  "dogbone"  specimens  used  in  the  static 
tests  and  the  split  Hopkinson  bar  tests  (Figure  1) , the  true 
strain  based  on  diameter  measurements  is  derived  as  below. 

Increments  of  true  strain  are  defined  as  dL/L 
where  L is  the  actual  gauge  length  at  any  moment  and  dL  is 
the  incremental  change  in  length  caused  by  an  incremental 
increase  in  load.  The  true  strain  e at  any  load  is  found 
from: 

r « Jh  dL/L  = logeLf/L0 

Jj 

o 

Assuming  that  the  volume  remains  constant  during  straining, 
then : 


Vo  = 


AT. 
o o 


= v(  = 


Af''f 


where  V , A , and  L.  are  the  volume,  cross-sectional  area  and 
o o o 

the  gauge  length  respectively,  before  a load  is  applied.  Vf , 
Aj,,  and  Lj,  are  the  same  respective  values  under  load  f.  Then: 


and 


A 

log  t-— 
e A^ 


The  area  is  related  to  the  diameter  by: 


_ 1f  , a 2 v 

A = ? (d  ) 


I 5 


so  that  the  true  strain  may  be  Hound  from: 


< - log  (1) 

df~ 

where  d is  the  original  diameter  and  d*  is  the  final  diameter, 
o t 

2.7.2  Expanding  Tube  Strain,  Strain  Rate  Derivation 

The  geometry  of  the  expanding  tube  is  shown  in 
Figure  7.  The  derivation  of  strain  for  this  geometry  follows. 
In  polar  coordinates,  the  tangential  strain  displacement  rela- 
tion is  given  by: 


u 

* r 

where  u is  the  radial  displacement  at  the  radius  r.  This 
equation  is  valid  for  small  values  of  strain  (i.e.,  t **  1) 
and  is  generally  referred  to  as  engineering  or  apparent  strain. 
The  so-called  true  or  logarithmic  strain  is  obtained  by  con- 
sidering that  the  radial  displacement  u is  actually  Ar . For 
small  u,  Ar  ' dr  and  the  true  strain  would  be  obtained  by 
summing  all  the  Ar‘s  due  to  an  incrementally  increased  load 
from  zero  to  f,  or: 


dr 

r 


o 

To  obtain  tangential  surface  strain  from  the  high  speed 

framing  camera  records,  only  the  outside  radius  need  be  measured. 

The  strain  rate  may  be  obtained  by  taking  the 
derivative  with  respect,  to  time  of  the  strain.  The  result  is 
given  by: 
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Figure  7.  Geometry  Tor  Tube  Strain  Displacement  Equations 


where  r is  the  tube  wall,  velocity  at  radius  r. 

These  equations  wore  used  to  reduce  the  photo- 
graphic data  from  all  the  experiments. 

2 . 7 . J . Strain  from  Thickness  Measurements 

Strain  in  an  expanding  cylinder  may  also  be  ob- 
tained using  wall  thickness  measurements  if  constant  volume  uni- 
form deformation  is  assumed.  This  gives: 


where  >'  refers  to  the  tube  length  and  the  subscript  f is  the 
quantity  at  failure;  the  cross  scccjonal  area  A,  is  given  by: 

A -■  2 1:  r t 
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where  r is  the  mean  tube  radius  and  t is  the  wall  thickness. 
With  the  strain  given  by  Equation  2: 


= In 


and  substituting  from  above  the  strain  may  be  written  as: 


= In 


t S- . 


(3) 


Implied  in  this  derivation  is  the  assumption  that  the  tangen- 
tial strain  is  uniform  across  the  thickness  of  the  tube.  This 
assumption  will  be  valid  as  long  as  t/2r  < 0.1. 

Assuming  the  tube  length  does  not  change  during  the 
expansion.  Equation  (3)  becomes 


(4) 


The  validity  of  this  assumption  is  checked  in  the  Results 
section. 

Use  of  Equation  (4)  to  calculate  strain  in  a 
necked  region  and  in  locations  away  from  the  neck  will  be 
analogous  to  using  the  diameter  measurement-  of  the  tensile 
specimens  in  similar  locations. 

2.7.4.  Radial  Strain 


In  polar  coordinates,  the  radial  strain  displace- 
ment relationship  is  given  by 


3 u 


which  is  also  only  valid  for  er  <<  1,  since  the  nonlinear  terms 
have  been  dropped.  This  equation,  as  well  as  the  equation  for 
tangential  strain,  is  based  on  assumptions  that  (1)  the  tube 
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expands  symmetrically;  and  (2)  that  axial  elongations  are 
negligible.  The  validity  of  these  assumptions  will  be 
checked  in  the  section  on  Results.  With  these  assumptions, 
the  derivation  will  follow,  as  before,  to  give 


e 


r 


In 


t 

o 


The  values  given  by  this  equation  will  be  equal  in  magnitude, 
but  opposite  in  sign  of  e . 
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SECTION  II' 

EXPERIMENTAL  RESULTS 

3.1  MTS  AND  HOPKINSON  BAR  TESTS 

A failed  tensile  specimen  typical  of  those  in  the  quasi- 
static tensile  and  Hopkinson  bar  experiments  is  shown  in 
Figure  8.  Table  1 is  a summary  of  the  data  from  these  experi- 
ments. The  strain  rate  data  were  calculated  by  differentiating 
the  strain  gauge  output  with  respect  to  time,  as  discussed  in 
Section  II  and  in  Reference  2.  The  strain  data  were  derived 
from  diameter  measurements  on  the  failed  specimens.  The 
values  of  average  strain  were  calculated  from  the  average 
diameter  far  from  the  necked  region  (i.e.,  greater  than  two 
diameters  from  fracture  surface).  Within  the  measurement 
uncertainty  (^0.012  mm)  the  failed  specimens  were  circular 
in  cross  section.  Strains  in  the  necked  region  were  calcu- 
lated from  the  diameter  measurements  with  cross-sectional 
circularity  uniform  within  ^0.012  mm  measurement,  accuracy. 

This  indicates  tnat  the  assumption  of  axial  symmetry  is  valid. 


•>;■■■  • - -iV-pI  4 ' :j.-: 
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Figure  8.  Typical  Failed  Low  Strain  Rate  specimen 
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3.2  LAWRENCE  LIVERMORE  LABORATORY  (LLL)  DATA 

A summary  of  the  data  obtained  from  the  Lawrence  Livermore 
Laboratory  is  shown  in  Table  2.  A variety  of  explosives  were  used 
in  several  sizes  of  cylinders  made  of  Oxygen  Free  High  Conduc- 
tivity, fully  annealed  copper.  Back-lit  streak  and  front-lit 
framing  camera  records  were  available  from  most  of  the  LLL 
experiments.  However,  only  a small  fraction  of  these  contained 
information  on  ultimate  cylinder  failure.  Except  where  noted, 
the  data  reported  here  were  reduced  from  streak  camera  records 
which  provide  better  timing  accuracy  than  the  framing  camera. 

The  slits  were  positioned  across  the  cylinders  so  that  the  slope 
on  the  streak  record  could  be  related  to  expansion  velocity. 
Material  failure  was  identified  with  a small  change  in  slope 
which  was  usually  followed  by  a loss  of  sharpness  of  the  streak 
record.  A schematic  representation  of  a typical  streak  record 
is  shown  in  Figure  9.  Shown  in  Figure  10  are  several  frames  of 
a typical  cylinder  from  the  LLL  experiments.  A comparison  of 
measurements  from  the  streak  records  and  the  framing  records 
showed  good  agreement.  However,  the  framing  camera  records 
showed  highly  localized  premature  material  failure  for  shots 
411  and  412.  These  localized  failures  were  only  conspicuous 
in  the  streak  record  data  by  the  low  ultimate  strains  attained 
when  these  failures  occurred.  Failures  of  this  type  were 
associated  with  high  tube  radius  to  wall  thickness  ratios, 
and  also  with  the  type  of  explosive  being  used.  Some  of  the 
explosives  such  as  RDX11  are  relatively  inhomogeneous,  resulting 
in  local  "hot  spots"  in  which  localized  pressure  and  temperature 
extremes  occur.  Combined  with  the  low  wall  thickness,  these 
“hot  spots"  cause  tube  failure  very  early  in  the  expansion 
process  by  generating  stress  and  strain  concentration  regions. 

The  more  homogeneous  explosives,  such  as  Nitroinethane , usually 
resulted  in  uniform  expansion.  However,  a number  of  shots  with 
high  r/t  ratios  showed  premature  failure.  In  the  LLL  tests,  no 
fragment  recovery  attempts  were  made;  thus,  we  were  unable  to 
study  failure  mechanisms  for  these  experiments. 
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Figure  9.  Schematic  Representation  of  Expanding  cylinder  on 
Streak  Record 

3.3  UDRI  EXPLODING  TUBE  RESULTS 

In  the  initial  conception  of  the  exploding  cylinder  plan, 
the  failure  radius  was  to  be  determined  by  the  appearance  of 
the  explosive  gases  and  detonation  light  through  the  opening 
cracks  in  the  wall  of  the  cylinder.  This  phenomena  was  not 
apparent  on  any  of  the  UDRI  records. 

A typical  framing  camera  record  of  a UDRI  exploding  tube 
event  is  shown  in  Figure  11.  Fluctuations  in  onset  and  duration 
of  the  detonation  process  caused  some  difficulty  in  synchro- 
nizing the  spark  gap  light  source  with  the  expansion  of  the 
cylinder.  However,  all  film  records  did  record  tube  failure. 
Failure  was  identified  with  the  sudden  appearance  of  jaggedness 
in  the  tube  profile. 

For  several  shots,  radius  measurements  were  made  at  more 
than  one  position  along  the  cylinder  length.  This  procedure 
was  carried  out  for  each  frame  on  the  record  and  for  nonuni  form 
expansions.  For  example,  in  Figure  11,  the  diameter  was 
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(a)  Begin  expansion 


(b)  Intermediate  expansion 


(c)  Cracks  form  (d)  Fracture 


Figure  10.  Expansion  Process  of  LLL  End-Detonated  Cylinder 
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measured  at  two  locations  along  the  length  of  the  tube.  The 
data  from  these  measurements  were  then  plotted  as  shown  in 
Figure  12.  (Other  strain  versus  time  plots  are  shown  in 
Appendix  A,  along  with  the  framing  camera  records.)  For  the 
measured  shots,  failure  radius  was  found  to  depend  slightly  on 
axial  position  z.  In  Figure  12,  for  example,  the  ultimate  strain 
indicated  at  midlength  is  ^8  percent  lower  than  at  the  position 
one-quarter  length  from  one  end.  Thus,  the  ultimate  strain 
at  the  higher  strain  rates  (i.e.,  >1  x lO^s"’1)  for  these  tests 
is  probably  slightly  less  than  that  which  would  occur  in  true 
uniform  expansion  test.  Unfortunately,  the  correction  may  not 
be  quantitatively  established  from  the  present  results. 

Recovered  fragments  from  an  exploding  cylinder  experi- 
ment are  shown  in  Figure  13.  The  ultimate  strain  measured  from 
the  framing  camera  record  was  checked  by  making  thickness 
measurements  on  collected  tube  fragments.  The  results  of  these 
measurements  are  shown  in  Table  3.  Two  sets  of  thickness 
measurements  appear  in  this  table.  The  average  thickness 
measurements  were  made  at  locations  on  the  fragments  more  than 
two  thicknesses  away  from  any  fractured  edge.  This  thickness 
measurement  therefore  does  not  take  into  account  necking  which 
occurred  in  the  specimen  near  the  fracture  surface.  The  other 
thickness  measurements,  a direct  measurement  of  the  necking, 
was  made  at  distances  not  greater  than  one  thickness  away  from 
the  failure  surface.  This  is  a measurement  of  the  minimum 
thickness  which  occurred  in  the  necked  region.  These  thicknesses 
are  actually  an  average  of  several  measurements  made  on  numerous 
tube  fragments.  The  uncertainty  attached  to  the  average  thick- 
nesses is  the  standard  deviation  of  the  measurements. 

A relatively  large  number  (i.e.,  greater  than  20)  of  these 
thickness  measurements  were  made  on  the  specimens.  Good  uni- 
formity (to  within  measurement  error)  of  these  thicknesses 
over  the  many  pieces  measured  indicates  that  at  any  cross  section 
uniform  expansion  of  the  tubes  was  obtained. 
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Circumferential  fiducial  lines  were  drawn  at  midlength  on 
two  of  the  tubes.  (Shot  No.  0 and  Shot  No.  7)  prior  to  the 
experiments.  By  measuring  the  distance  between  the  lines  before 
and  after  the  experiment,  the  axial  elongation  of  the  tubes 
was  determined  to  be  v3  percent.  This  value  was  consistent  for 
both  the  tubes  tested,  one  with  a strain  rate  at  failure  of 

1 x 105s  \ and  the  other  at  2.2  x 10^s 

The  framing  camera  field  of  view  was  as  sketched  in 
Figure  7b.  All  the  exploding  tube  data  appearing  in  Tables 

2 and  3 are  based  on  measurements  made  at  the  midlength  of  the 
cylinder.  This  was  done  to  prevent  end  effects  from  being 
considered  in  the  results.  Examination  of  the  films  do  not 
indicate  that  any  end  related  phenomena  were  significant  at 
tube  midlength.  Osborn  of  7\FATL  has  carried  out  a TOODY  cal- 
culation for  a uniform  axially  expanded  cylinder  with 
approximately  the  same  dimensions  as  the  UDR1  cylinders1'* 

(i.e,,  OD  = 21.6  mm;  wall  thickness  - 1.27  mm;  length  = 152  mm; 

3 

0.80  g/cm  PETN  explosive).  Figure  14  shows  a velocity  vector 
plot  of  half  the  cylinder  surface  at  15  gs  after  the  beginning 
of  detonation.  This  plot  clearly  shows  that  end  effects  at 
the  midlength  position  on  the  tube  are  negligible. 

Achieving  simultaneous  uniform  axial  detonation  in  the 
UDRI  tests  turned  out  to  be  very  difficult,  resulting  in 
ultimate  strain  dependence  on  axial  location  previously  noted. 
Instead  of  having  a right  circular  cylinder  at  anytime  during 
the  expansion,  a conical  shell  was  formed  with  a total  included 
angle  of  14°  to  20°  at  failure.  Due  to  this  cone  angle,  the- 
tube  was  net  in  a state  of  uniform  axial  expansion.  Thus, 

<z,  the  axial  strain,  was  not  equal  to  zero  at  failure,  but 
can  be  calculated  from; 


e 


z 


1 

2 


(dU) 

ldzJ 


2 


3? 


DISTANCE  (cm) 


Figure  14. 


Calculated  Velocity  of  Copper  Cylinder  after  15  us, 
Reference  14 


a Lagrangian  component  of  strain.  For  small  strains  this  may 
be  written  as: 


where  Au  is  change  in  displacement  of  the  cylinder  wall  over  a 
length  along  the  cylinder  axis,  Az.  Thus, 


Au/  Az  = tan  0 


and 


e_  ^ i (tan  0) ^ 

z 2. 

where  0 is  half  the  angle  formed  by  the  conical  tube.  The 
equation  relies  on  the  assumption  tha*  *aves  transmitted  from 
the  end  of  the  tube  do  not  cause  ax  strain  relief.  The 
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bulk  sound  speed  in  copper,  3.9  mm/us,  is  probably  a good  esti- 
mate of  extensional  wave  speed  in  the  expanded  material.  Wave 
transit  time  from  end  to  end  of  the  cylinder  (152  mm  long)  is 
^38  us.  The  total  expansion  time  to  failure  of  the  higher 
strain  rate  cylinders  is  v20  us  and  for  the  lower  strain 
experiments  v 40  us.  Thus,  for  the  higher  strain  rates,  end 
relief  is  probably  minimal,  while  some  relief  does  occur  in  the 
lower  rate  tests.  The  extent  to  which  these  waves  effect  the 
test  is  not  clear.  For  a maximum  cone  angle  of  20°,  the 
axial  strain  t will  be  0.015  or  about  one-half  the  measured 
value,  based  on  the  fiducial  lines  previously  noted.  This 
strain  is  quite  small  relative  to  the  radial  and  tangential 

strains,  and  probably  has  insignificant  effects.  The  expansion 

4 -1 

of  the  tubes  at  strain  rates  v 1 x 10  s was  very  uniform 
along  the  tube  length.  Total  included  cone  angle  did  not 
exceed  v 2 degrees,  except  for  end  effects  already  discussed. 

This  uniformity  is  due  to  the  smoothing  of  the  pressure  inhomo- 
geneities by  the  oil  between  explosive  and  cylinder  wall. 

Thus,  these  tests  most  closely  approach  plane  strain  conditions. 

3.4  HARDNESS  MEASUREMENTS 

Microhardness  measurements  were  made  on  sectioned/ 
polished  specimens  using  the  standard  Vicker-Hardness  test 
procedure  with  a 50  g load.  The  results  of  these  measurements 
are  shown  in  Table  4 . The  hardness  appears  to  be  closely 
related  to  strain  and  strain  rate. 

One  series  of  hardness  measurements  was  made  in  regions 
of  "uniform"  strain,  and  another  set  was  made  in  the  necked 
region  only.  The  same  hardness  was  found  in  both  uniform 
and  necked  regions  of  the  expanded  tubes.  (Since  no  distin- 
guishable patterns  of  hardness  between  uniform  and  necked 
regions  could  be  found  in  the  cylinders,  all  values  were  used 
in  calculating  the  mean  and  standard  deviation  values  of 
Table  4.)  There  was  very  little  scatter  in  hardness  of  the 
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cylinders,  as  can  be  seen  from  the  small  magnitude  of  the 
standard  deviations.  The  standard  deviation  for  the  tensile 
specimens  was  higher  than  that  for  the  tube  fragments  due  to 
the  relatively  small  number  of  reliable  measurements  which 
could  be  made  in  the  necked  region  of  these  specimens. 

There  wore  consistent  variations  in  hardness  between 
uniformly  strained  and  necked  regions  of  the  tensile  specimens. 
The  difference  between  the  uniform  hardness  of  the  tube 
specimens  and  the  location-dependent  hardness  of  the  tensile 
specimens  suggests  that  a nonlocalized  diffuse  straining  of  the 
tube  specimens  existed  until  very  late  in  the  expansion.  In 
the  tensile  specimens  localized  straining  began  very  soon 
after  the  yield  stress  was  exceeded. 

3.5  METALLOGRAPHIC  STUDIES 

A specimen  or  fragment  was  sectioned  and  polished  for 

each  strain  rate  specimen  tested.  The  specimens  were  etched 

and  photomicrographs  were  made.  All  of  the  tensile  specirens 

were  sectioned  such  that  the  longitudinal  axis  of  the  specimen 
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lay  in  the  section  plane.  Figure  15  shows  the  4 x 10  s 
strain  rate  specimen  at  the  necked  region  and  in  the  uniformly 
strained  region.  There  is  very  little  grain  elongation  in  the 
uniformly  strained  region,  even  when  compared  to  the  fully 
annealed  sample  specimen  shown  in  Figure  16.  Figure  17  shows 
much  the  same  results  for  the  4 x 10^s  strain  rate  specimen. 
Figure  18  shows  photomicrographs  of  the  split  Hopkinson  bar 
tensile  specimen.  The  uniformly  strained  section  is  quite 
similar  to  the  specimens  from  lower  strain  rates.  However, 
in  the  necked  region  a dramatic  increase  in  the  number  of  voids 
which  have  coalesced  is  apparent.  The  void  growth  process 
appears  to  be  dependent  on  strain  rate. 

The  tube  fragments  were  sectioned  on  a plane  perpendicu- 
lar to  the  longitudinal  axis  of  the  tube.  Figure  19a  shows  a 
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photomicrograph  of  a tube  fragment  from  a 1 x 10  s strain 
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Figure  16.  Photomicrograph  of  Fully  Annealed  Stock  Specimen 
(no  straining  after  anneal),  magnification:  100X 
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Figure  17 
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Figure  18.  Photomicrographs  of  1 x 10  s Tensile  Specimen 
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Figure  19.  Photomicrographs  of  Exploding  Tube  Fragments 
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rate  experiment.  Comparing  these  two  micrographs  a signifi- 
cant difference  may  be  noted.  In  the  higher  rate  experiment, 

voids  have  coalesced  to  form  pores  about  25  inn  across.  Much 
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less  coalescence  has  occurred  in  the  1 x 10  s specimen  in 
which  the  largest  voids  are  about  5 tun  in  diameter.  The  other 
notable  feature  of  Figure  19b  is  the  higher  concentrations 
of  voids  at  the  inside  wall  surface.  This  feature  will  be 
discussed  in  the  next  section. 

One  effect  undergone  in  the  PETN  filled  cylinders,  not 
seen  in  the  Prima-Cord  loaded  tubes  or  the  tensile  specimens, 
is  an  externally  applied  temperature  gradient.  In  the  Prima- 
Cord  tube  the  oil  provides  sufficient  insulation  between  hot 
explosive  products  and  tube  wall  to  make  temperature  effects 
negligible.  However,  the  PETN  tube  wall  is  exposed  directly 
to  the  hot  explosive  products  which  have  typical  peak  tempera- 
ture ^3000°K.  Simple  calculations  have  been  carried  out  to 
estimate  the  temperature  distribution  in  the  tube  wall.  The 
results  of  these  calculations  are  shown  in  Figure  20.  The 
upper  curve  in  this  figure  is  the  temperature  distribution 
after  20  ns  exposure  to  a 3000UK  temperature  source  and  the 
lower  curve  gives  the  temperature  distribution  after  a 20  ns 
exposure  to  a 1084°K  temperature  heat  source.  The  higher 
temperature  corresponds  to  typical  explosive  plane  temperatures 
while  the  lower  temperature  is  the  melting  temperature  of 
copper.  Since  the  temperature  of  the  explosive  products  falls 
quite  rapidly  during  an  expansion,  the  actual  temperature 
distribution  in  the  copper  will  probably  be  between  the  two. 
However,  no  indication  of  melting  is  seen  in  the  photomicro- 
graphs, indicating  that  the  lower  temperature  distribution 
in  Figure  20  is  more  nearly  correct.  Even  for  the  lower  curve, 
temperature  effects  need  to  be  considered  in  an  ana lysis  of 
the  failure  mode. 

The  final  fracture  in  all  specimens  occurs  across  a con- 
centration of  voids  as  seen  in  Figure  15  for  a tensile 
specimen  and  in  Figure  21  for  the  shear  failure  of  a tube 
specimen.  Similar  results  have  been  found  by  other  researchers 
at  lower  strain  rates  in  steel  and  other  materials 1 r> » 16  . 
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Figure  20.  Temperature  Distribution  in  Copper  Tube  Wall  After 
20  x 106  exposure  to  Indicated  Temperature 
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Figure  21.  Incipient  Shear  Failure  Across  Voids  in  2.4  x 10  s 
Tube  Specimen 
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J.6  ULTIMATE  STRAIN  VERSUS  STRAIN  lWl'E 

Figure  22  is  a plot  of  the  ultimate  strain  against  strain 
rate  for  al.L  the  experiments  shown  in  Tables  1,  2,  and  3.  The 
strains  plotted  in  this  figure  are  average  values,  which  do  not 
take  necking  into  account.  The  average  ultimate  strain 
apparently  is  not  significantly  affected  by  rate  of  strain 
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below  approximately  10  s 
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However,  between  10  and  10  s 


the  dependence  is  shown  to  be  very  substantial  for  both  FTP  and 
OFHC  copper. 

Another  notable  feature  revealed  by  this  graph  is  that 
OFHC  copper  has  a greater  ultimate  strain  at  the  high  strain 
rates.  At  lower  strain  rates,  there  appears  to  be  no  difference 
between  FTP  and  OFHC  ultimate  strain. 
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Figure  22.  Plot  of  Average  Ultimate  Strain  Versus  Strain  Rate 

for  Fully  Annealed  FTP  Copper  and  OFHC  Copper.  Data 
from  standard  tensile  tests;  split  Hopkinson  bar 
tests;  and  exploding  cylinder  tests. 
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A plot.  oi:  ultimate  strain  in  the  necked  region  versus 
strain  rate  is  shown  in  Figure  23.  These  data  are  tor  ETP  copper 
only  and  include  the  diameter  measurements  on  failed  tensile 
specimens,  and  thickness  measurements  on  expanded  cylinder 
fragments.  Figure  23  shows  that  as  the  strain  rate  is  increased, 
more  bulk  material  is  involved  in  the  straining  process. 

Necking  is  apparently  suppressed  causing  strain  to  be 
distributed  more  evenly  through  the  material,  allowing  higher 
ultimate  strains  to  be  achieved.  Final  fracture  occurs  through 
a neck,  which  is  bound  to  develop.  Further  discussion  of  the 
mechanisms  which  could  suppress  necking  are  discussed  in  the 
next  section. 
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Figure  23.  Plot  of  Average  ultjmate  Strain  and  ultimate  Strain 

in  Nocked  Region  Versus  Strain  Rate  for  Fully  Annealed 
Electrolytic  Tough  Pitch  Capper 


SECTION  IV 

DISCUSSION  OF  RESULTS 


4.1  FAILURE  MODES 


4.1.1 


Tensile 


Figure  8 showr  a typical  failed  tensile  speci- 
men from  the  tests  at  ^ 1 s strain  rates.  Failure  of  these 
specimens  always  occurred  at  approximately  midlength;  this 
reassures  us  that  failure  was  not  induced  by  end  effects.  The 
failure  appears  to  be  ductile  fracture  following  initial 
necking  by  plastic  deformations.  The  final  fracture  surface 
is  inclined  to  the  longitudinal  axis  of  the  specimen  at  an 
angle  of  37  degrees.  Careful  examination  of  the  appearance 
of  the  fracture  surfaces  of  these  specimens  indicates  a "cup 
and  cone"  type  final  fracture.  The  surface  has  a coarsely 
granular  structure  with  little  or  no  evidence  of  burnishing. 
The  fracture  surfaces  for  the  10  4s  1 and  the  10°  s 1 strain 
rate  specimens  appear  to  be  very  similar. 


4.1.2 


Hopkinson  Bar  Specimens 


Late  time  compressive  waves  in  the  split 
Hopkinson  bar  apparatus  caused  the  ends  of  the  failed  speci- 
men to  bounce  together.  The  resulting  deformation  of  the 
specimen  ends  was  relatively  minor,  but  it  defeated  meaningful 
study  of  the  103s  1 fracture  surface. 

4.1.3  Exploding  Tube  Specimens 

Failure  of  the  expanded  tubes  occurred  by 

longitudinal  fracture.  The  fiagment  size  depended  on  the 

strain  rate  of  the  expansion.  As  discussed  previously,  tests 

4 - 1 

may  roughly  categorized  as  high  (3  x 10  s ) or  low 

4 

(10  s “ ) strain  rates  depending  on  whether,  respectively,  the 
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charge  was  granular  Pt'TN  or  Pr i.ma-Cord  in  oil.  The  largest 

fragments  from  the  low  strain  rate  experiments  were  ^28  nun 

in  the  longitudinal  direction  by  '^12  mm  circumferentially.  The 

smallest  fragments  measured  only  a millimeter  or  less  in  width. 

In  the  high  strain  rate  tests  all  the  fragments  were  millimeter 

size  or  less.  These  fragments  are  shown  in  Figure  13.  The  number 

of  fragments  produced  by  the  high  strain  rate  tests  was  impossible 

to  measure  because  of  their  small  size  and  the  difficulty  of  100 

percent  recovery;  however,  the  number  certainly  exceeded  200.  On 
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the  other  hand,  the  1 x 10  s fragments  numbered  not  more  than 


Examination  of  the  low  strain  rate  fragments 
revealed  the  surface  instabilities,  or  wrinkles,  which  can  also 
be  seen  in  Figure  24.  There  were  two  distinct  size  scales  to 
the  wrinkles.  One  set  was  4 - 5 ram  and  the  other  slightly  sub- 
miiiimeter.  Failure  was  associated  with  the  larger  wrinkles. 

In  all  cases  the  fracture  began  on  the  outside 
surface  of  the  tube.  On  the  J.  x 10^ s 1 tubes  the  dimpling 
associated  with  necking  was  chiefly  on  the  outside  surface. 

As  indicated  in  Table  3 and  Figure  23,  very  little  necking 

occurred  before  failure  of  these  tubes. 
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On  the  3 x 10  s fragments  the  cracks  initiated 
at  the  outside  surface.  The  cracks  initially  appeared  in  the 
-alleys  between  the  larger  (4-5  mm)  wrinkles.  Necking  at  the 
fracture  involved  a very  small  amount  of  material;  the  width 
of  the  necked  region  was  at  most  two  wall  thicknesses  in  the 
circumferential  direction.  As  indicated  in  Figure  23,  the  wall 
thickness  in  the  necked  regions  was  reduced  to  about  0 . r>  of  the 
wall  thickness  of  the  bulk  material. 
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The  failure  surfaces  on  the  1 x 1.0  s specimens 
were  roughly  on  an  angle  approximately  45  degrees  to  a normal 
to  the  specimen  surface.  The  fracture  surface  was  usually  a 
single  shear  plane,  running  all  the  way  across  the  wall  of  the 
tube  from  outside  to  inside.  The  shearing  surfaces  had  a 
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Figure  24.  Fragments  from  a 1 x 10  s Exploding  Tube  Experiment 

castellated,  coarsely  granular  structure  with  no  indication 
of  burnishing. 

Somewhat  different  features  were  observed  in  the 
highest  rate  expansions,  x 3 x 10^s  ^ . The  fracture  surfaces 
were  on  a steeper  angle,  approximately  60  degrees,  to  the 
surface  normal.  The  surfaces  were  also  generally  a single 
shearing  plane  running  completely  across  the  tube  wall.  The 
surfaces  had  a definite  shear-slip  appearance,  e.g.,  they  were 
drawn  to  a very  thin  shear-lip  at  the  surface.  A moderately 
burnished  appearance  is  notable  for  this  surface. 

4.2  DISCUSSION  OF  FAILURES 

It  is  apparent  from  the  preceeding  discussion  that  more 
than  one  failure  mode  was  activated  in  these  tests.  This 
section  contains  a general  discussion  of  mechanisms  which 
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could  effect  the  strain  to  failure.  Several  factors,  including 
strain  and  strain  rate  will  be  discussed  which  are  likely  to 
have  significant  effects  on  ultimate  strain. 

4.2.1  Strain  Hardening 


In  general,  the  condition  necessary  to  initiate 
an  instability  (thus,  a failure)  in  the  uniform  flow  of  metal, 
requires  that  the  next  increment  of  strain-induced  hardening  be 
negated  by  an  accompanying  strain-induced  softening.  When  this 
occurs,  further  straining  will  tend  to  concentrate  at  the 
location  where  the  resistance  to  flow  was  first  lost  with  very 
little  strain  distributed  throughout  the  bulk  material.  The 
ultimate  strain  measurements  appearing  in  Figure  22  (c  versus 
f)  are  useful  for  determining  maximum  uniform  strain  which  may 
be  expected  in  other  high  deformation  processes. 

Strain  hardening  may  be  due  to  many  factors. 
Its  effect  is  to  cause  an  increase  in  the  flow  stress,  o,  for 
a strain  increment  At . The  derivative  with  respect  to  strain 
of  flow  stress  is  do/de.  Since  o is,  in  general,  a function 
of  strain,  strain  rate,  temperature,  surface  energy,  etc., 
(i.e.,  c = o(c  c,  T,  Y ,...])  wo  may  write 


do/dc 


On 

9c 


dc  dT  , dy 

d 9T  dc  9 Y dc 


(5) 


Any  term  on  the  right  of  this  equality  which  becomes  suffi- 
ciently negative  in  magnitude  can  be  the  source  of  an 
instability  condition.  For  metals,  the  first  three  terms  on 
the  right-hand  side  of  the  equation  usually  dominate. 

For  the  tensile  specimens  at  low  strain  rates, 
the  strain  hardening  is  due  to  the  ~ term.  The  onset  of  an 

o C 

instability  begins  when  further  increases  in  strain  occur  with 

J T(~T 

no  further  increases  in  load  (i.e.,  ^ = 0) . The  load-carrying 
ability  of  the  specimen  is  F = TA,  where  A is  the  area  on  which 
the  stress  T acts.  The  instability  condition  gives 


with 


de 


dA 

A 


necking  in  the  tensile  specimens  will  initiate  when 


dT 

de 


T . 


(6) 


Thus,  necking  for  tensile  specimens  at  low  strain  rates  is 
closely  related  to  geometric  changes. 

Strain  hardening  at  low  strain  rates  has  been 
described  several  ways,  but  the  most  widely  used  seems  to  be 
the  power  law  relationship 

o = Kr.n  (7) 


where  K is  a "flow  stress"  and  n is  the  strain  hardening  expo- 
nent. Backofen17  describes  this  and  other  relationships  for 
stress-strain  hardening.  From  Equations  (6)  and  (7)  an 
instability  will  occur  when 


e 


n. 


(8) 


Values  of  K and  n for  an  annealed  copper  are  3.2  Kbar  and 
0.54,  while  for  an  annealed  and  tempered  0.05  percent  C steel 
sheet  K = 5.0  Kbar  and  n = 0.23. 18  These  numbers  indicate 
that  copper  undergoes  more  strain  hardening  than  steel  for  the 
same  amount  of  strain. 


Comparing  Equation  (8)  with  Figure  22  it  appears 
that  influences  other  than  strain  hardening  are  negligible  to 
10  s ^ strain  rates.  Equation  (7)  can  be  used  at  these  lower 
strain  rates  to  give  approximate  description  of  the  stress- 
strain  curve. 

Tubular  steel  bomb  casings,  driven  radially 
outward  by  high  explosive  detonation  pressures,  possess  certain 
similarities  to  the  exploding  cylinders  used  in  these  ultimate 
strain  tests.  Taylor19  devised  models  to  describe  bomb  dynamics 
and  lloggatt  and  Recht20  studied  the  influence  of  stress  state 
on  the  deformation  and  fracture  behavior  of  bomb  casings.  The 
model  used  by  these  investigators  is  based  on  the  effects  of 
the  compressive  hoop  stresses  in  the  cylinder  wall  during 
expansion.  These  stresses  are  due  to  the  explosive  pressure  and 
the  inertia  associated  with  the  tube  wall  movement  at  the 
beginning  of  motion.  At  the  beginning  of  the  expansion  event, 
compressive  hoop  stresses  extend  to  the  outside  surface  of  the 
tube.  As  the  expansion  continues,  the  magnitude  of  the 
compressive  hoop  stresses  diminish,  first  at  the  outer  surface. 
Gradually,  the  hoop  stresses  become  tensile.  Thus,  a boundary 
between  regions  of  compressive  and  tensile  hoop  stress  moves 
inward  across  the  tube  wall  as  the  expansion  progresses.  The 
position  of  the  zero  hoop  stress  boundary  at  any  point  in  the 
expansion  process  is  mainly  dependent  on  flic  detonation  pressure 
and  the  mass  of  the  tube.  During  the  expansion,  the  radial 
stress  component  is  compressive,  equal  to  the  detonation  pressure 
at  the  inner  tube  surface  and  falling  to  zero  at  the  outer  surface 
The  axial  stress  in  the  tube  is  at  first  compressive,  due  to 
shock  waves  in  the  tube.  The  axial  stresses  fall  to  nearly 
zero  very  early  in  the  expansion.  Osborn's19  TOODY  calculations 
for  a uniformly  expanded  tube  support  these  generalizations. 

Stress  calculations  from  the  TOODY  program  are  shown  in 
Figure  25  for  a 2 1.6 -nun  OD  by  1.27-nun  wall  thickness  by 

3 

152-mm-long  copper  tube  expanded  by  0.88  g/cm'  PETN  detonation 
pressures.  These  plots  of  stress  are  for  a point  at  the 
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Figure  25.  Calculated  Stress  Components  in  Copper  Cylinder 
Expanded  by  PETN  (Reference  14) 


midlength  in  the  tube  0.32  mm  from  the  outside  surface.  Thus, 
the  tube  experiences  highly  triaxial  nonconstant  stress  states 
during  the  expansion. 

One  consequence  of  the  existence  of  compressive 
hoop  and  radial  stresses  on  the  inner  portion  of  the  tube  wall 
is  that  fracture  must  begin  on  the  outside  surface,  and  at 
anytime  of  the  expansion  fractures  may  only  penetrate  to  the 
boundary  between  tensile  and  compressive  hoop  stresses.  This 
theory  is  supported  not:  only  by  evidence  from  the  present 
tests,  but  by  work  of  Taylor19,  Famiglietti 2 1 , Allison  and 
Schriempf 2 2 , and  Hoggatt,  et  al.20  Taylor  suggested  the 
fractures  would  be  radial,  but  Hogyatt  and  Recht  described 
fractures  occurring  on  shear  planes  described  for  the  present 
tests  in  Section  4.1.3.  The  radial  fractures  described  by 
Taylor  occur  for  very  low  order  detonations  as  discussed  by 
Hoggatt  and  Recht. ?c 

The  expansion  process  is  diagrammed  schemati- 
cally in  Figure  26.  The  model  predicts  fractures  to  extend  no 
further  inward  from  the  outside  tube  surface  than  the  boundary 
where  the  tensile  hoop  stress  is  equal  in  magnitude  to  the 
compressive  radial  stress.  Expansion  in  the  compressive  hoop 
zones  takes  place  by  a process  of  extrusion  while  in  the 
tensile  hoop  region,  fractures  occur.  This  takes  place  when 
the  tensile  hoop  stress  becomes  equal  in  magnitude  to  the 
compressive  radial  stress.  Complete  fracture  is  predicted 
when  the  tensile  hoop  stress  equals  the  radial  stress  at  the 
inside  surface  of  the  tube. 

Hoggatt  and  Recht20  developed  a model  to  predict 
the  location  of  the  compressive/tensile  boundary  as  a function 
of  tube  radius,  based  on  the  equation  of  motion  for  the  tube 
and  assuming  isentropic  expansion  of  the  detonation  gases. 
Figure  26  is  based  on  this  development,  and  is  the  result  for 
a mild  steel  tube  (50.8-mm  ID  by  6. 35-nun  wall  thickness 
expanded  by  RDX  explosive  with  a Chapman-Jouquet  pressure  of 
157  Kbar) . The  theory  predicts  failure  radius  to  within  nine 
percent  of  experimental  values  for  mild  steel.20 
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Figure  26.  Fracture  of  Explosively  Expanded  cylindrical  Tube 

lloggatt  and  Recht's  model  was  used  to  estimate 
the  failure  radius  for  the  copper  tubes  of  the  present  study. 
For  the  steel  tube  the  calculations  agree  with  the  findings 
of  Hoggatt  and  Recht,  (i.e.,  failure  strain  = 0.44).  For  the 
copper  tube,  failure  is  predicted  at  a strain  approximately 
0.5  for  the  PETN  filled  cylinders  and  0.37  for  the  Prima-Cord 
shots.  These  calculated  values  are  significantly  lower  than 
those  found  in  this  program,  as  shown  in  Table  3.  Two  factors 
may  explain  the  excursion  of  theoretical  results  from  experi- 
mental findings.  These  two  factors  include  explosive  loadings 
incorrectly  modelled  and  failure  of  the  model  to  account  for 
all  strain  hardening  effects.  First,  the  loading  effects  will 
be  discussed  with  the  strain  hardening  effects  delayed  until 
later . 


With  the  low  density  PETN,  the  Chapman-Jouquet 
(CJ)  pressure  is  approximately  70  Kbar . This  value  is  less 
than  half  the  CJ  pressure  for  the  RDX  modelled  by  Hoggatt 
and  Recht.  Also,  the  mass  ratio  of  initial  loadings  of  PETN 
to  RDX  is  0.09  and  for  the  Prima-Cord  to  RDX  loading  it  is 
0.006.  The  model  predicts  fracture  from  outside  surface  to 
the  radius  where  | | = |ar|.  With  the  substantially  smaller 
loads  of  the  UDRI  tests,  the  compressive/tensile  boundary  will 
move  across  the  wall  thickness  after  lower  radial  expansions 
causing  the  tube  to  go  into  a state  of  tensile  hoop  stress 
earlier,  at  which  time  the  model  predicts  failure.  The 
higher  density  loadings  used  by  Hoggatt  and  Recht  caused 
acceleration  of  the  tube  during  much,  if  not  all,  the  expansion, 
thus  delaying  tensile  hoop  stresses  until  deformations  had 
occurred.  Although  failure  in  the  steel  tubes  may  be  modelled 
with  this  theory,  it  does  not  do  well  for  copper. 

Although  the  model  does  not  accurately  predict 
failure  in  the  copper  tubes,  it  docs  focus  attention  on  the 
importance  of  the  initial  compressive  stress  and  strain  states, 
on  the  subsequent  tensile  straining  of  the  material.  Relative 
to  the  steel,  the  copper  tubes  would  tend  to  undergo  more 
strain  hardening  in  the  early  stages  of  expansion.  The  effect 
of  strain  hardening  is  to  cause  the  ~ term  on  the  right-hand 
side  of  the  strain  hardening  Equation  (5)  to  become  more 
positive.  Strain  hardening  during  early  stages  of  tube  expan- 
sion, when  stresses  are  compressive,  will  also  cause  a positive 
increase  of  the  term.  This  increase  will  tend  to  diminish 
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or  delay  negative  effects  of  the  other  terms,  thus  increasing 
--  . Physically,  the  strain  hardening  will  cause  a more  even 
distribution  of  the  stress  and  strain  in  the  tube  wall.  The 
net  effect  is  to  cause  more  uniform  tensile  flow  before 
failure,  by  suppressing  instabilities. 

The  higher  concentration  of  voids  at  the  inside 
surface  of  the  Lube  wall  as  shown  m Figure  19  may  be  explained 
by  consideration  of  the  high  triaxial  stress  state  and  the 


extrusion  which  takes  place  there.  Hancock  and  Mackenzie3 
have  an  in-depth  examination  of  this  process  for  steel,  but 
the  analysis  may  be  applied  to  any  ductile  material. 

Basically,  the  voids  would  be  expected  to 
nucleate  from  the  high  number  of  CuO^  inclusions  usually 
present  in  ETP  copper.  The  subsequent  coalescence  of  these 
voids  during  further  straining  would  be  related  to  stress  and 
strain  rate  by3 


~ = 0.20  de^  exp  (3om/2a) 


where 


R is  the  mean  hole  radius 

P 

de  is  the  plastic  strain  increment 

a is  the  mean  or  hydrostatic  stress 
m 

o is  the  deviatoric  portion  of  the  stress. 

Hancock  and  Mackenzie  assume  that  the  failure  strain  is 
inversely  proportional  to  hole  growth  rate,  to  give 

f 

e = a exp  (-3  <i  /2  a) 


where 


i: f is  failure  strain 
ci  is  a material  constant 

Thus,  for  the  high  triaxial  state  of  stress  in  the  tube  wall, 

hole  growth  rate  would  be  predicted  to  be  high.  Also,  the  more 

4 - 1 

nearly  uniform  distribution  of  the  voids  in  the  1 x 10  s 
strain-rate  fragments  is  possibly  due  to  the  much  1<  ss  severe 
triaxial  stress  state  and  shorter  duration  of  the  stress  state 
for  these  specimens. 
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This  conclusion  may  be  used,  at  least  qualita- 
tively, to  explain  the  higher  ultimate  strains  measured  in 
the  LI.L.  results,  shown  in  Figure  22.  The  ratio  of  the 
explosive  loading  energy  in  the  UDR1  experiments  to  those  of 
LLIi  is  at  most  0.35,  and  as  small  as  0.09.  Thus,  for  the  LLL 
experiments  the  tubes  should  have  undergone  more  compressive 
strain  hardening  and  therefore  larger  ultimate  tensile  strains 
would  be  expected. 

4.2,2  Strain-Rate  Hardening 

The  second  term  — r in  the  strain  hardening 

lie  dc 

equation  is  the  strain-rate  hardening  term.  Both  parts  of 

this  term  are  normally  positive  and  thus  the  term  is  a source 

of  instability  resistance,  -nr-  is  positive  because  stress 

9 du  . 

normally  increases  with  strain  rate  and  is  positive  because 
of  geometrical  changes  as  the  neck  begins  to  form. 

Most  strain-rate  hardening  theories  have  been 
developed  for  'creep' conditions . 1 7 These  theories  are  usually 
based  on  some  dislocation  theory  of  slipereep  or  on  di.ffuoi.onal 
flow  theories  of  single  atoms.  These  theories  are  more 
appropriately  applied  to  strain  rates  of  10°  s ' and  less. 

Kumar  and  Humble’ 1 used  a compressive  split 
Hopkinson  bar  apparatus  to  load  OFHC  cop’  > r specimens  to  strain 
rates  above  103s  1 . They  found  that  the  strain  hardening 
sensitivity  of  copper  may  be  divided  into  two  regions. 

?-l 

1)  A thermally  activated  region  below  10~s  strain 
rates,  and 

2)  A viscous  clamping  region  above  ID'^s  strain  rates. 

Kumar  and  Humble  correlate  their  experimental 
results  with  a theory  of  viscous  phonon  drag,  at  high  strain 
rates  (i.e.,  10^s  "* ) . In  this  theory,  phonons  are  considered 
a source  of  dislocation  damping.  Thus,  strain  rate  effects 
are  directly  related  to  dislocation  mobility  and  the  density 
of  mobile  dislocations  in  the  metal.  This  dislocation  mobility 
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is  explained  in  terms  of  a dislocation  multiplication  and 
annihilation  mechanism.  Mobile  dislocations  are  multiplied 
when  collision  with  fixed  dislocations  occur.  Annihilation 
happens  when  a mobile  dislocation  meets  another  mobile  or 
higher  energy  fixed  dislocation.  A linear  relationship  between 
flow  stress  and  strain  rate  was  found  in  this  higher  strain- 
rate  (>10^s  ■*")  viscous  damping  region. 

In  the  UDRI  experiments  as  in  those  of  Kumar 
and  Kumble,  the  viscous  damping  mechanism  has  an  effect  to 
more  evenly  distribute  stresses  in  the  material  by  delaying 
local  concentrations  of  dislocation  pile-up  until  late  very 
high  strains  are  reached. 

Physically,  when  strain-rate  hardening  occurs 
it  has  the  same  effect  as  strain  hardening.  That  is,  it 
increases  the  magnitude  of  the  flow  stress  thus  causing  a 
tendency  to  prevent  necking.  This  effect  may  be  used  to 
describe  the  increase  in  neck  length  observed  from  the 
4 x 10  ^s  strain  rate  tensile  specimen  to  the  1 x 10^s  ^ 
strain  rate  split  ilopkinson  bar  specimen.  It  would  also 
follow  that  the  increased  hardness  of  the  higher  rate  tensile 
specimens  is  due  to  strain  rate  hardening,  since  ultimate  strain 
are  approximately  the  same  as  in  the  low  rate  samples.  The 
increased  hardness  of  the  tube  specimens  is  likely  due  to  a 
combination  of  strain  and  strain  rate  hardening  effects. 


4.2.3  Thermal  Hardening 

3 o d T 

The  third  term  ~ - of  the  hardening  equation 

is  usually  negative,  thus  encouraging  instability  growth. 

dT 

Since  the  deformation  work  appears  as  heat  — - is  positive. 
Usually,  — is  negative  because  with  increasing  temperatures 
more  thermal  agitation  is  applied  to  fixed  dislocations, 
lowering  the  stress  required  for  dislocation  movement.  This 
process  of  thermal  agitation  of  dislocations  is  a more  stable 
process  when  the  agitation  is  localized,  resulting  in  insta- 
bilities in  the  material . 


Adiabatic  shear  processes  normally  occurring 
in  metals  at  higher  strain  rates  have  not  been  observed  in 
copper1'1  due  to  the  effects  of  strain  and  strain-rate 
hardening  as  previously  described.  The  UDR1  specimens  do  not 
show  these  failures  which  are  usually  characterized  by  very 
thin  failure  bands  in  high  strain-rate  processes. 

The  increased  temperatures  applied  to  the  tubes 
as  discussed  in  Section  3.5  would  tend  to  increase  ductility. 
However,  the  externally  applied  temperature  increase  is  pro- 
bably a second-order  effect  when  compared  to  the  strain  and 
strain-rate  hardening  effects  imposed  at  high  strain  rates. 
Until  very  late  in  the  expansion  process  only  an  insignificant 
portion  of  the  tube  wall  experiences  high  enough  temperatures 
to  affect  mechanical  properties. 


SECTION  V 

CONCLUSION’S  AND  RECOMMENDATIONS 


The  results  of  this  study  clearly  indicate  that  average 

ultimate  strains  of  at  least  1.1  may  be  obtained  for  strain 

4 -i 

rates  (at  ultimate  strain)  of  2.5  x 10  s . Significant 
increases  may  be  observed  at  strain  rates  in  the  vicinity  of 
1 x 104s"1. 

In  Figure  23  average  ultimate  strain  and  true  ultimate 

strain  are  plotted  against  strain  rate.  Fj.om  this  figure 

- 4 - 1 

one  may  observe  that  between  strain  rates  of  A x 10  s'  and 
''•10’^s  * strain  rate  effects  have  negligible  influence  on 
ultimate  strain.  Quasi-static  values  of  ultimate  strain  may 
be  used  confidently  at  these  strain  rates. 

At  strain  rates  above  10 ^ , flow  stress  is  -pparently 
increased,  resulting  in  a more  even  distribution  of  strains. 

As  a result,  the  strain  does  not  concentrate  into  a single 
n-i'.  .■  :!  region,  but  instead  involves  the  bulk  cf  the  material 
in  the  specimen.  As  discussed  in  Section  4,  the  increase  in 
ultimate  strain  may  be  attributed  to  strain  and  strain-rate 
hardening,  and  to  the  effects  of  applied  tr.iaxi.al  stresses.. 

As  shown  by  bridgeman, r''  a nearly  hydrostatic  stress  state  will 
allow  uniform  straining  to  relatively  high  ultimate  -trains. 

We  recommend  further  testing  with  the  exploding  cylinder 
technique  discussed  in  this  paper.  This  testing  should  be  done 
and  tiie  results  should  be  compared  to  split  Ilopkinson  bar 
measurements.  As  a result  of  this  testing,  the  effects  of  strain 
rate  and  stress  state  on  ultimate  strain  will  be  more  clearly 
delineated.  Continued  testing  with  Electrolytic  Tough  Pitch 
copper  would  provide  a broader  data  base  from  which  the  premises 
presented  in  this  paper  could  be  studied.  Extension  to  other 
materials  would  also  he  a natural  step.  With  existing  methods. 
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the  exploding  cylinder  technique  may  be  used  to  determine 
material  behavior  to  strain  rates  greater  than  3 x 10^s 
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